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Abstract.—Many coral species spawn simultaneously and have compatible gametes, leading to controversy over the
nature of species boundaries and the frequency with which hybridization occurs. Three western Atlantic corals,
Montastraea annularis, M. faveolata, and M. franksi, typify this controversy; they all spawn sympatrically on the same
evenings after the fall full moons. Here we show, in both Panama and the Bahamas for multiple years, how a variety
of mechanisms may act in concert to reproductively isolate all three species. Field studies indicate that M. franksi
spawns two hours earlier than the other two species, and the eggs released during this earlier period disperse an
average of 500 m by the time the other species spawn. Field measures of fertilization indicate that peak fertilization
occurs when spawning synchrony is high and that corals that spawn at the tails of the spawning distributions have
greatly reduced fertilization success. Laboratory studies indicate that there is a gametic incompatibility between M.
faveolata and the other two species. There are regional differences in the gametic compatibility of M. franksi and M.
annularis. In Panama, the two species are completely compatible, whereas in the Bahamas, M. franksi sperm can
fertilize M. annularis eggs but the reciprocal cross often fails. Gamete age influences patterns of fertilization, such
that very young eggs seem resistant to fertilization and old sperm lose viability after two hours. In sum, the combination
of temporal differences in spawning, sperm aging, gamete dispersal and dilution, and gametic incompatibility act in

various combinations among the three species, making it unlikely that hybrid fertilization would occur.
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The process of speciation depends on reproductive isola-
tion providing a barrier to genetic exchange between popu-
lations (Mayr 1963). The origin and maintenance of species
in the sea has received special attention because the barriers
needed to establish reproductive isolation are more obscure
than they are on land. Physical features capable of limiting
gene flow are less obvious in the sea, and when fertilization
is external there are many opportunities for heterospecific
fertilization (reviewed in Palumbi 1994).

Gametic incompatibility and temporal and spatial differ-
ences in gamete release are the primary mechanisms con-
tributing to prezygotic reproductive isolation between closely
related marine species with external fertilization (Palumbi
1994). Taxa that spawn asynchronously (Strathmann 1987;
Lessios 1991; Knowlton 1993) or in allopatry (L essios 1984;
Byrne and Anderson 1994) are not likely to cross-fertilize
even when their gametes are compatible. However, many
recognized species have been observed to spawn in close
proximity with little temporal separation (Harrison et al.
1984; Babcock et al. 1986; McEuen 1988; Pearse et al. 1988;
Babcock et al. 1992; van Vehgel 1994; Clifton 1997; Szmant
et al. 1997; Hagman et al 1998a; Sanchez et al. 1999; Levitan
2002a), and evidence for incompatibility among such species
is not ubiquitous (Willis et al. 1997; Pernet 1999; Levitan
2002b).

The nature of reproductive boundaries is especially con-
fusing for corals (Veron 1995). In the Indowest Pacific, for
example, more than 100 species spawn simultaneously during
annual mass-spawning events (Harrison et al. 1984; Babcock

et al. 1986). Most work on species boundaries has focused
on the species-rich genus Acropora, where hybrids may be
commonly produced in laboratory crosses, and clear genetic
differences between described species have been difficult to
establish (Willis et al.1997; Hatta et al. 1999; van Oppen et
al. 2001, 2002; Marquez et al. 2002a, 2002b). High intra-
specific genetic heterogeneity (Odorico and Miller 1997) and
chromosomal numbers (Kenyon 1997) are also suggestive of
hybridization and reticulate evolution. Other groups have
been much less studied, but the genus Platygyra provides an
important comparable example within the family Faviidae
(Miller and Babcock 1997; Miller and Benzie 1997).

Mass spawning also occurs in the tropical North Atlantic
(van Veghel 1993; Hagman et al. 1998b), and the smaller
number of species makes it possible to investigate the re-
productive biology and genetics of all potentially interbreed-
ing taxa. Thisisareal advantage, because when many species
remain unstudied, it can be argued that gene flow between
apparently isolated taxa can still occur via genetic exchange
with species for which no data exist. In the case of the three
Caribbean acroporids, recent genetic studies suggest that Ac-
ropora prolifera is an F; hybrid of A. palmata and A. cer-
vicornis (van Oppen et al. 2000; Vollmer and Palumbi 2002),
with little evidence for extensive introgression between A.
cervicornis and A. palmata (Vollmer and Palumbi 2002).
Most reproductive studies in the western Atlantic have fo-
cused on the Montastraea annularis species complex (van
Veghel 1994; Knowlton et al. 1997; Szmant et al. 1997;
Hagman et al. 1998a,b; Sanchez et al. 1999), whose members
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are among the most important reef builders of the region.
However, despite the existence of several studies of spawning
times and gametic compatibility, there is no consensus on
the effectiveness of prezygotic isolating mechanisms in this
group (e.g., van Veghel 1994; Knowlton et al. 1997; Szmant
et al. 1997; Hagman et al. 1998a; Sanchez et al. 1999). Ge-
netic analyses have also led to contradictory conclusionswith
respect to the degree of reproductive isolation (van Veghel
and Bak 1993; Medina et al. 1999; Lopez et al. 1999).

However, all of these previous studies had fairly low sam-
ple sizes dueto the limited number of evenings per year when
these corals spawn, many did not quantify fertilization suc-
cess in the laboratory or specify spawning times relative to
actual sunset times, and none considered the effects of gamete
aging, dispersal, and dilution or patterns of fertilization in
the sea. What has been lacking is a comprehensive study,
quantifying all aspects of the potential isolation mechanisms
over several regions and multiple years using identical meth-
ods. Here we provide data for two widely separated regions
(with more limited data from a third region) and show how
the combination of temporal variation in spawning times,
allopatric distribution of gametes, and gametic incompati-
bility can reproductively isolate each species from all others.
Genetic and morphological datafrom the two primary regions
that support this interpretation are presented in a companion
paper (Fukami et al. 2004).

MATERIALS AND METHODS

Reproductive Biology of the Montastraea annularis
Species Complex

Members of the M. annularis species complex are her-
maphroditic and reproduce annually in the late summer to
early fall (van Veghel 1994; Knowlton et al. 1997; Szmant
et al. 1997). Each polyp within the colony produces a single
gamete bundle containing both sperm and eggs. There are
significant differences in the number and size of eggs pro-
duced among species. Montastraea franksi produces an av-
erage of 55 eggs per bundle at a diameter of 340 pm, M.
annularis produces an average of 105 eggs per bundle at a
diameter of 313 wm, and M. faveolata produces an average
of 120 eggs per bundle at a diameter of 320 wm (Szmant et
al. 1997). These bundles become apparent as they start to
pass through the pharynx of the polyp (setting phase). Setting
precedes the release of the bundles into the water column
(spawning or birthing phase) by 10-20 min. After release,
the bundles slowly float to the surface. As the bundles reach
the surface they burst into independent sperm and eggs (van
Veghel 1994). The buoyant eggs float at or near the water’s
surface, and the sperm, while swimming, disperse neutrally
(D. Levitan, pers. obs.).

Study Sites

Multiple-year reproductive studies were conducted in the
Republic of Panama (San Blas Islands, 1996-1997; Bocas
del Toro, 1998-2002) and in the Bahamas (Lee Stocking
Island, 2000—2001). At each of these sites, we made obser-
vations of the timing of spawning (laboratory and field), gam-
ete dispersal (field), and fertilization success with respect to
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gamete species, age, and dilution (laboratory and field). A
single visit was al so made to Curacao for limited observations
of field spawning times, because at this site all three species
have been reported to spawn in complete synchrony (van
Veghel 1994). These locations are widely separated and rep-
resent the northern, southern, and western edges of the Ca-
ribbean and tropical North Atlantic (Fig. 1). On the studied
reefs in the San Blas (Aguadargana, 5-15 m) and Curacao
(Slangenbaai, 13—17 m), all three members of the M. annu-
laris complex occur commonly side by side. In the Bahamas,
M. franksi is primarily a deep-water species and is rare at
our study site (Norman Cay, 4-6 m), and in Bocas del Toro
this species dominates most reefs, including the majority of
our study sites (Davey reef, 4-8 m; Javier reef, 6-12 m, but
slightly less so at Hospital Point, 1-6 m; Solarte reef, 2—7
m). Consequently, in the Bahamas we have only |aboratory
observations of spawning times for M. franksi, whereas in
Bocas del Toro this species dominates our field data.

Field Observations of Coral Spawning, Gamete Dispersal,
and Fertilization

In the Bahamas and Panama, corals were identified; pri-
marily by colony morphology (Weil and Knowlton 1994; but
see Discussion; Fukami et al. 2004) and examined to deter-
mine if they contained mature gametes (pink eggs present in
the mesenteries) one week prior to the predicted spawning
time. Field observations of spawning were made at sites with
a high proportion of ripe colonies. At each site, a transect
line was established and marked with green chemical lights
at intervals determined by water clarity. The transects ranged
in length from 39 to 121 m, and divers surveyed corals to
approximately 10 m on either side of thisline. In the Bahamas
in 2000, due to the distribution of ripe colonies, a circular
area was established with lights on the perimeters of a 60 X
80-m oval. The total survey areas ranged from 780 m2 to
4800 mZ.

Starting on the fourth or fifth day following the full moon,
teams of four to eight divers observed corals starting ap-
proximately one hour after sunset. Monitoring typically con-
tinued until approximately six hours past sunset. Each pair
of divers patrolled approximately a 15-m section of the tran-
sect line. The goal was to record every spawning coral within
each section (rather than a more scattered sampling across
the full transect). On nights with enough divers (three or four
pairs) the entire transect line could be successfully monitored.
When a diver encountered a coral with gamete bundles con-
spicuously protruding from the polyps (setting), he/she ac-
tivated a red chemical light attached to a small lead sinker
and recorded the light number and time. Typically, after 20
min all the corals preparing to spawn during that bout were
identified. When a coral colony released its gamete bundles,
the diver recorded the time and separated the chemical light
(with the identifying number) from the lead sinker (similarly
numbered). The diver, carrying the chemical light, chose a
single gamete bundle near the center of the rising cloud of
bundles and followed it as it slowly rose to the surface. Be-
cause simultaneously spawning corals were generally several
meters apart, the gamete bundles of one colony usually rose
to the surface as a discrete cloud. At the surface, the diver
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recorded the time and released the buoyant chemical light.
The diver then returned to the bottom to search for the next
spawning colony.

Other team members in a chase boat recorded the time the
chemical light reached the surface and 10-90 min later (with
a goal of 30 min) approached the chemical light. When the
boat was within 10 m of the chemical light a surface plankton
tow was conducted. The plankton net had an 80-pm mesh,
and the eggs collected from each tow were rinsed in sperm-
free seawater and inspected three hours later for evidence of
fertilization and early development (typically four to 16
cells). The chemical light was collected, and its number, time,
and GPS position recorded. The ability of chemical lightsto
mark a batch of coral eggs is discussed in Appendix 1.

A second task conducted on the chase boat was to collect
a 50-ml surface water sample every 15 min and place this
sample in a plastic cup containing 50 ml of seawater and
approximately 200 unfertilized M. franksi eggs. This second
measure of fertilization isan estimate of fertilization potential
in the water over time. The time and GPS position of each
water sample was recorded, and three hours later the eggs
were investigated for evidence of fertilization. The eggs for
this experiment were collected from coral colonies held in
the laboratory under an early sunset treatment (see Collection,
Handling, and Identification of corals). The eggs, from asin-
gle colony spawned approximately 1.5 h before the natural

Map of study sites.

spawn, were rinsed free of sperm and brought to the reef so
that sampling could start about 30 min before the first colony
was noted to spawn in the field. Samples were taken from
approximately one hour after sunset for four to five hours.
Because the chase boat was following the chemical lights,
the water samples would start over the reef and then follow
the gamete slick as it drifted away from the reef.

After the last night of spawning, the species identification
and position of each spawning colony was noted by locating
the numbered lead sinkers. Each colony was mapped on a
chart, and the distance between the colony and the position
of its corresponding chemical light when it was collected was
calculated.

In Curagao, the relatively deeper depths at which the three
species coexist and the presence of only two divers made it
impossible to monitor spawning for more than 100 min per
night. On two successive nights (22, 23 September 1997),
observations were made from 2000 h to 2120 h (the predicted
time of exclusive M. franksi spawning based on other studies).

Laboratory Fertilization Assays

Collection, handling, and identification of corals

Ripe M. annularis, M. franksi, and M. faveolata corals were
provisionally identified in the field, and a piece with ap-
proximately 100-400 cm? of living surface area was broken
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off, cleaned of associated organisms with a wire brush, and
maintained in the laboratory with fresh flowing seawater. On
days 4-8 following the full moon, approximately two hours
before sunset, corals were placed individually in white buck-
ets at a location with minimal exposure to artificial light. A
subset of corals were covered in black plastic to establish a
two hour early sunset treatment. Previous studies established
that these corals would spawn approximately two hours be-
fore conspecifics experiencing normal sunset (Knowlton et
al. 1997), thereby allowing gametes from early spawning
speciesto betested with normally late spawning speciesusing
equal age gametes.

Corals were checked every 20 min to determine setting
and spawning times. When corals spawned, approximately
100 gamete bundles were collected with a 10-ml pipette.
Gamete bundlesin 20 ml of seawater were placed in aplastic
cup and swirled to break the bundles into individual eggs
and sperm. This suspension was then filtered through 80-pum
Nitex (Sefar Canadalnc., Scarborough, Ontario) mesh to sep-
arate the eggs from the sperm. The sperm were kept in a cup
with a total volume of approximately 20 ml; the eggs were
rinsed several times with fresh filtered seawater collected
several hours prior to spawning, and then poured into another
cup with 20 ml of seawater. Egg concentration from these
stock suspensions was determined from three replicate counts
of 0.1-ml subsamples. One milliliter of the sperm suspension
was fixed in concentrated formalin, and the sperm concen-
tration was determined from eight replicate counts using a
hemocytometer. The stock gamete suspensions were used in
a variety of experiments described below.

Gametes and skeletal vouchers were collected for corals
used in fertilization experiments and analyzed genetically and
morphologically. In Panama, where these species were first
described (Weil and Knowlton 1994), field identifications
were supported by concordant patterns of genetic and mor-
phological variation (details in Fukami et al. 2004). In the
Bahamas, however, colonies in shallow water exhibit mor-
phologies not seen in Panama (or Curagao), which initially
made field recognition, especially of M. faveolata, more dif-
ficult. When genetic and morphological data conflicted with
field identification, the former were used in assigning species
names to colonies used in fertilization trials.

Matrix fertilization experiments

A series of matrices were established to determine patterns
of gamete compatibility in self, conspecific, and heterospe-
cific crosses. Corals experiencing both normal and early sun-
sets were used in this experiment, so that species normally
spawning at different times could be accessed using freshly
spawned gametes. This provides an intrinsic measure of gam-
ete compatibility, independent of gamete age. Assays were
conducted using sperm concentrations empirically shown to
result in high conspecific fertilization rates. A matrix of plas-
tic cups was established, with cups containing 48 ml of fil-
tered seawater. When the first coral was observed to spawn,
the gametes were collected and separated into eggs and sperm
as described above. One milliliter of the stock sperm sus-
pension was placed into each cup in the first column in the
matrix and 1 ml of the stock egg suspension was placed into
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each cup in the first row in the matrix. The cora identifi-
cation, time of spawning, and time of addition to the matrix
was recorded. As each subsequent coral released gamete bun-
dles, the separated sperm and eggs were added to additional
columns and rows, respectively.

Independent matrix experiments were conducted 11 times
(seven in Panama and four in the Bahamas). Because each
pairwise test within a particular matrix is not completely
independent, the data were analyzed in two ways. The first
used each individual cross within and across all matrices as
the data, and the second used the matrix averages for each
type of cross as the data. In both cases, the individual data
were square-root arcsine transformed before analysis.

Gamete age and dilution experiments

Gamete age and dilution can influence fertilization success
(Levitan et al. 1991). The interaction between gamete age
and sperm concentration was investigated in conspecific and
heterospecific crosses of the two coral species with compat-
ible gametes but different spawning times: the early spawning
M. franksi and the late spawning M. annularis (see Results).
Two experiments were conducted, all using Panamanian cor-
als exposed to natural sunset times. The purpose of this ex-
periment was to test the ability of sperm and eggs from the
two compatible species to cross-fertilize under their naturally
distinct differencesin spawning times. In thefirst experiment,
M. franksi sperm was added first to M. franksi eggs and then,
after approximately two hours (when M. annularis spawned),
to M. annularis eggs. The second experiment added sperm
of the late spawning M. annularis to M. annularis eggs and
to M. franksi eggs that had spawned approximately two hours
earlier. Each experiment was replicated four or five times
with unique corals. In each replicate, the eggs were tested
with serially diluted sperm (see details in Appendix 2).

REsuLTS

Observations of Spawning Times in the Field
and Laboratory

Inthefield in Panama and the Bahamas, spawning by mem-
bers of the M. annularis complex was observed on 28 eve-
nings during 10 lunar events between 1996 and 2002 (Table
1). Spawning occurred during days 4-8 following the full
moon (Fig. 2). At particular locations one or two species
might have been rare or absent, but in every location all
common species were observed spawning during the lunar
event. Within alunar event, M. franksi tended to spawn earlier
in the month, most frequently spawning on days 5-7, whereas
M. annularis and M. faveolata peaked on days 6-8 (Fig. 2).
If all the corals collected in the laboratory spawned by day
7, divers typically did not dive on day 8. Because of this
bias, the average proportion of corals spawning on day 8 is
likely to be less than that reported in Figure 2.

Spawning times are reported as hours and minutes follow-
ing sunset (Astronomical Applications Department, U.S. Na-
val Observatory). Spawning times in the field are accurate
to within a couple minutes, as divers were constantly ob-
serving corals. If a coral was marked as a setting colony but
the exact spawning time was missed, it was not included in
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TaBLE 1. Sites and dates of spawning events. Although all three species were present at all sites, they differed substantially in their
abundance, from reef to reef, and not all species were observed to spawn in the field at every event. All three species were observed
to spawn in the laboratory at every site and date where corals were collected: a, Montastraea annularis; v, M. faveolata; k, M. franksi;

ND, no data.
Laboratory Field
fertilization observations of
Date Site assays spawning

1996

Sept. 3—4 San Blas, Aguadargana reef a Vv, k a Vv, k
1997

Aug. 24-25 San Blas, Aguadargana reef a Vv, k a, Vv, k

Sept. 22—-23 Curagao ND a, Vv, k
1998

Sept. 11-12 Bocas del Toro, Javier reef a Vv, k k
1999

Aug. 30—Sept. 2 Bocas del Toro, Javier reef a Vv, k k

Sept. 29-30 Bocas del Toro, Davey reef ND a, k
2000

Aug. 19-21 Lee Stocking Island, Norman’'s Cay a v, k a, Vv

Sept. 17-18 Bocas del Toro, Davey’s reef a v, k k

Sept. 19-20 Bocas del Toro, Hospital Point a Vv, k a, k
2001

Sept. 8-9 Lee Stocking Island, Norman’s Cay a Vv, k a, v

Oct. 6-7 Bocas del Toro, Javier reef ND k

Oct. 8-9 Bocas del Toro, Solarte reef ND a k
2002

Sept. 25-26 Bocas del Toro, Davey'’s reef ND k

Sept. 27 Bocas del Toro, Hospital Point ND k

the data (Fig. 3a). Laboratory observations were made at 10-
to 20-min intervals, so these estimates may slightly bias the
spawning observations to a later time (Fig. 3b). Overdl, a
three-way ANOVA testing the effects of method of obser-
vation (field vs. laboratory), species and geographic region
(Panama vs. the Bahamas) indicate a significant effect of
method and species but no significant effect of region or any
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Fic. 2. Distribution of Montastraea spawning on days following
full moon. Data are the average proportion of corals observed to
spawn on one evening based on the total number that spawned
during that lunar event (bars are standard error). Samples sizes
(number of evenings when a particular species was present) are
reported above each bar and differ because on some reefs one or
two species may have been rare or absent and on some lunar events
a different subset of evenings may have been surveyed.

of the interactions. Pairwise tests (SNK) indicate that each
species had a significantly different mean spawning time.
Field estimates of spawning were on average 18 min earlier
than the laboratory estimates. This difference may reflect the
bias in observation time (see above), the fact that |aboratory
coralswere abovethe water’ s surface and may have perceived
sunset at alater time compared to corals at depth (see below),
or the possibility that spawning in the field is accelerated by
pheromones released by the earliest spawning colonies.

Observations from the field across all locations indicate
that M. franksi spawned between 1:25 and 2:36 (mean 1:55)
hrs after sunset, M. annularis spawned between 3:04 and 4:
22 (mean 3:43) hrs after sunset, and M. faveolata spawned
between 3:43 and 4:40 (mean 3:56) hrs after sunset. Mon-
tastraea annularis and M. faveolata, the species with incom-
patible gametes (see below), have significantly different but
overlapping spawning times at all locations. Montastraea
franksi and M. annularis, the two species with compatible
gametes, had a significant difference in spawning time av-
eraging 108 min across all dates (Fig. 3b). On six occasions,
spawning times for M. franksi and M. annularis individuals
were recorded on the same evening. An average of 101 min
(SE 5.4) separated the average spawning times of these spe-
cies on those dates. The average time between the last M.
franksi individual observed to spawn and the first M. annu-
laris observed to spawn on a single location and date was
70 min (SE 8.6).

In Bocas del Toro, the depth of each spawning coral colony
was noted. Regression analysis indicates that spawning time
is unrelated to the depth distribution in M. annularis (t =
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Fic. 3. Spawning times for corals in Panama and the Bahamas
based on field (A) and laboratory (B) observations. Times are ad-
justed as time following sunset. Because there were no significant
differences in spawning times across sites within species, site data
were pooled.

0.58, df = 18, P > 0.5). However, in M. franksi, spawning
time is dlightly, but significantly, earlier in deeper water (t
= 2.30, df = 84, P < 0.05, Fig. 4a). This depth effect does
not explain the differences in spawning times between the
two species as the spawning depths largely overlap (Fig. 4a).

In M. franksi, the time it takes for gamete bundles to reach
the surface, where they burst and fertilization can occur, in-
creases with the depth of the spawning coral (Fig. 4b). Re-
gression analysis indicates an average travel rate of 0.5 m/
min (t = 4.38, df = 59, P < 0.0001). The increase in travel
time (slope = 2.0) compensates for the differencesin spawn-
ing time (slope = —1.8) such that there is no significant
relationship between colony depth and the time the gametes
arrive on the surface (t = 0.41, df = 59, P = 0.68).

In Curagao, field observations were limited to a window
of time when M. franksi would be expected to be the only
species observed spawning based on observations el sewhere,
but contrary to a previous report of simultaneous spawning
by all three species at thislocation (van Veghel 1994). During
this time, only M. franksi was observed to spawn, despite the
fact that many colonies of the other two species occurred
where spawning was monitored. Thirteen colonies were ob-
served to spawn between 1:48 and 2:29 (average 2:02) hours
after sunset. These times were not significantly different from
observations of M. franksi in Panama (F = 2.58, df = 110,
P > 0.05). In shallower water, afew colonies of M. annularis
and M. faveolata were observed to spawn while returning to
shore at the end of the dives at between 3:43 and 3:44 hours
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Fic. 4. Spawning and surfacing times as a function of coral depth.
(A) Spawning times following sunset for Montastraea franksi and
M. annularisas afunction of the depth of the spawning coral colony.
(B) The time interval from spawning to when the gamete bundles
reached the surface as a function of water depth in M. franksi.

past sunset, times typical for these species in both Panama
and the Bahamas (Fig. 3b). Although we cannot rule out
additional spawning by M. franksi later in the evening or
earlier spawning by the other two species at other depths,
the most parsimonious interpretation of these data is that
spawning times for the three species in Curagao resemble
those reported from elsewhere.

Dispersal of Eggs in the Field

Chemical lights traveled 9-1732 m in the 6-119 min from
release to capture. On different nights the lights often drifted
in different directions, but on all nights the lights drifted off
the reef at the time of sampling (Fig. 5). Overall, the rela-
tionship between dispersal distance and time was best fitted
by a linear function of time (R2 = 0.21 for linear vs. 0.11
for log-transformed data; y = 0.0038x — 0.0046; t = 6.79,
df = 195, P < 0.0001). The average rate (km/min) of move-
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ment calculated for all chemical lights dispersing on any one
evening was multiplied by 100 min to estimate the average
dispersal distance achieved by M. franksi eggs before M.
annularis spawns. Overall, eggs were estimated to travel an
average of 542 m (SE 98) during a 100-min interval on the
20 nights of coral spawning when chemical light data were
collected (Fig. 6). Ninety percent of the eggs were estimated
to move more than 200 m, and no gametes were estimated
to disperse less than 100 m in 100 min. The highest level of
dispersal was observed during an evening in the San Blas
Islands, when gametes were estimated to move just over 2
km in 100 min.

Fertilization Potential

Measures of fertilization of precollected eggs exposed to
water samples were successfully made on eight nights of
spawning (six in Bocas del Toro and two in the Bahamas).
Of these, only one night was on a reef where both M. franksi
and M. annularis were present and spawned. This small sam-
ple size is aresult of the logistic difficulties of coordinating
the collection of laboratory spawning with the field work, the
dominance of single species on many reefs (M. franksi in
Bocas del Toro and M. annularis in the Bahamas), and the
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different numbers of divers were used. Fertilization data were logit
transformed for regression analysis and then backtransformed for
visualization.

fact that these two species often spawn on different nights
(Fig. 2).

Overall, fertilization was noted in samples collected ap-
proximately 30 min after the first observation of spawning,
at a time concurrent with the gametes reaching the surface
of the water. Fertilization potential peaked approximately 30
min later. Fertilization potential decreased shortly afterward,
and little fertilization was noted two hours following the
initiation of spawning (Fig. 7a). The peak fertilization po-
tential on any given night ranged from 0% to 97%. This
variation could largely be explained by the number of corals
observed to spawn on each evening (logit-transformed fer-
tilization data, R2 = 0.88, Fig. 7b). On the evening where
both species were spawning, the peak fertilization potential
(82%) occurred shortly after the M. franksi gametes reached
the surface (Fig. 8). This pulse decreased to near zero as the
M. annularis gametes reached the surface. A second smaller
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peak (2%) was noted after M. annularis gametes reached the
surface (22:30 h). The peak heights for both species are con-
sistent with the regression predictions based on the number
of colonies observed to spawn for each species (6.3 and 2.8
corals/diver for M. franksi and M. annularis, respectively,
Fig. 7b).

Natural Fertilization Success

Natural levels of fertilization were successfully measured
on 10 evenings (five in Bocas del Toro and five in the Ba-
hamas). Average fertilization of all corals that spawned on
an evening was correlated with the number of observed
spawning colonies (Fig. 9). Natural levels of fertilization
were measured on two evenings that M. franksi and M. an-
nularis were both observed to spawn at the same site (Fig.
10). On both these nights, peak fertilization for M. franksi
was associated with the mean spawning time for that species.
Corals that spawned slightly early or late compared to the
mean spawning time had reduced fertilization success (sig-
nificant second order polynomial, F = 7.27, df = 44, P <
0.01). Montastraea annularis showed the same trend, but this
was not significant (F = 0.38, df = 16, P > 0.05). While
some error in the ability of achemical light to track the eggs
of a specific coral colony is likely, the increased variance
caused by this error would only weaken correlations of fer-
tilization with spawning times (Appendix 1).

Matrix Fertilization Experiments in the Laboratory

This experiment used early sunset manipulations to induce
a subset of corals that spawn at different times to spawn at
similar times to determine gametic compatibility independent
of gamete age. As a result of this manipulation, the ages of
both the sperm and eggs were not significantly different be-
tween conspecific and heterospecific crosses (sperm age in
Bahamas F = 0.22, df = 555, P > 0.05; sperm age in Panama
F = 248, df = 133, P > 0.05; egg age in Bahamas F =
0.26, df = 555, P > 0.05; egg age in Panama F = 2.48, df
= 133, P > 0.05). Thefertilization assays used optimal sperm
concentrations for high fertilization (mean = 489 sperm/ul,
SE = 57; cf. Gamete Age and Dilution Experiments in the
Laboratory results below). We examined 12 different cross
types including self (three), conspecific (three), and heter-
ospecific (six) crosses. Two-way analyses of variance of the
individual fertilization values revealed significant main ef-
fects (cross-type and region) and a cross-type by region in-
teraction (all P < 0.0001). A similar analysis of the average
matrix values revealed significant main effects (P < 0.0001
and P < 0.001 for crosstype and region, respectively) but no
significant interaction. Overall, fertilization tended to be
higher in Panama. Adjusted least square means indicate an
overall reduction of 6.6% of eggs fertilized in the Bahamas
compared to Panama.

Independent ANOV As within each region indicate signif-
icant differences among the types of crosses. All conspecific
crosses along with most heterospecific crosses of M. annu-
laris and M. franksi are compatible, while heterospecific
crosses involving M. faveolata and all self crosses are largely
incompatible (Fig. 11a,b).

There are two notable exceptions to these patterns. First,
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some heterospecific crosses involving M. faveolata are suc-
cessful. The occasional fertilization noted in these crossesis
correlated with the age of the eggs; older eggs were more
easily fertilized (R2 = 0.04, P = 0.004). While egg age only
explains a small fraction of the overall variance in fertiliza-
tion success, it does explain almost all the aberrantly high
fertilization (Table 2). Only two of 77 crosses involving M.
faveolata and M. annularis (the two species that spawn at
similar times) exceeded 15% of eggs fertilized when the eggs
were younger than 75 min. On average, less than 1% of the
eggs were fertilized in this heterospecific cross.

Second, in the Bahamas there is a significant asymmetry

Field Fertilization 2000-2002
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Fic. 9. The average percent of eggs fertilized as a function of the
average number of corals noted spawning per observer. Fertilization
data are from plankton samples collected from each released chem-
ical light. Each datapoint is the average fertilization success for
each evening. Different symbols represent different species and
regions.

in M. franksi and M. annularis crosses; crosses involving M.
franksi sperm and M. annularis eggs largely fail, but recip-
rocal crosses are successful. In Panama, the same types of
crosses are symmetrical and successful. This regional dif-
ference in M. franksi symmetry is the likely explanation for
the significant interaction term of the ANOVA. The asym-
metry in fertilization between M. franksi and M. annularisin
the Bahamas does not appear to be an artifact of differences
in egg age (Fig. 12). The average difference between egg
ages of the two crosses is much greater in Panama (80 vs.
20 min), yet in Panamathereis no evidence for an asymmetry
in compatibility. Although some intracross variation in com-
patibility is apparent in the Bahamas, crosses involving M.
franski sperm and M. annularis eggs generally fail across all
egg ages, while the reciprocal cross results in patterns of
fertilization similar to conspecific crosses.

Gamete Age and Dilution Experiments in the Laboratory

The previous experiment used early sunset manipulations
toinduce coralsto spawn at similar timesto determine gamete
compatibility independent of gamete age. However, the two
compatible species spawn nearly two hours apart from one
another. In the sperm age experiment, M. franksi sperm was
used fresh (range 14—35 min after spawning) with conspecific
eggs and then aged (range 115-158 min) until M. annularis
spawned, when they were tested with the eggs of that species.
Two orders of magnitude more M. franksi sperm were needed
to fertilize 50% of M. annularis eggs compared to M. franksi
eggs, using gametes released during natural spawning times
(Fig. 13a). The nonoverlapping 95% confidence intervals,
calculated by fitting the data to the fertilization kinetics mod-
el, indicate that the fertilization profiles of these two crosses
are significantly different. Thus, in thefield, M. franksi sperm
isless likely to fertilize M. annularis eggs compared to con-
specific eggs, assuming the water mass containing these gam-
etes overlap and remain at similar sperm concentrations.
However, because the sperm from the earlier M. franksi



REPRODUCTIVE ISOLATION IN CORALS

>

Hospital Point 9/19/00

(0]
o
)

c | A M. franksi

0 A . annul J

T 60 - | © M. annuians

= A

5 40

T

o 20 4 o

2 000

d‘: 0 “ T 2 T ]
19:40 20:20 21:00 21:40 22:20 23:00

Time colony spawned
B Hospital Point 9/27/02

S 40 1 A " A M. franksi

."g 30 - " o M. annularis

5 20-

(118

- °

£ 10 -

2

g 0 " iﬂﬁﬂ? Q T 1

19:40 20:20 21:00 21:40 22:20 23:00

Time colony spawned

Fic. 10. The percent of eggs fertilized as a function of the time
each colony spawned for Montastraea franksi and M. annularis on
the two evenings, (A) September 19, 2000; and (B) September 27,
2002, when both species spawned on the same reef (Hospital Point).
The polynomial regression was significant for M. franksi but not
M. annularis.

spawning event will likely move off the reef and dilute over
the time interval before M. annularis spawns (Figs. 5-8), the
likelihood of this cross becomes even lower.

In the egg age experiments, the early spawning M. franksi
eggs were aged until M. annularis spawned, when M. an-
nularis sperm was crossed with conspecific (egg age 2463
min) and M. franksi (egg age 120-171 min) eggs. These fer-
tilization assays indicate no significant difference in the fer-
tilization profiles using M. annularis sperm with both M.
annularis and M. franksi eggs spawned at natural times (Fig.
13b). The 95% confidence intervals overlap over the entire
range of sperm concentrations in this comparison. Thus, in
the field, old M. franksi eggs encountering sperm from the
later spawning M. annularis are just as likely to be fertilized
as are fresh M. franksi eggs encountering fresh M. franksi
sperm, assuming M. franksi eggs are over a reef where M.
annularis spawns. These two experiments used corals from
Panama. At this site there was no evidence of an asymmetry
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in gamete compatibility (Fig. 11a) that might confound these
results.

Discussion

Mechanisms of Reproductive Isolation

Montastraea annularis and M. faveolata have overlapping
spawning times in the late evening but have incompatible
gametes. The likelihood of this cross averaged 1% at optimal
sperm conditions in the laboratory and was not significantly
different from the likelihood of selfing in no-choice exper-
iments. Typically, studies that examine heterospecific fertil-
ization when eggs are given a choice of both heterospecific
and conspecific sperm demonstrate that heterospecific fertil-
ization becomes even less likely (Howard 1999). Therefore,
it seems unlikely that under field conditions, in the presence
of conspecific sperm, hybrids would be formed between these
two species.

Montastraea franksi spawns nearly two hours before the
other two species. In the laboratory using fresh gametes, it
is completely compatible with M. annularis in Panama. In
the Bahamas, M. franksi eggs are compatible with M. an-
nularis sperm but not the reciprocal.

Fertilization of M. annularis eggs by M. franksi sperm is
nevertheless unlikely, even in Panama where there is no ev-
idence of gametic incompatibility. During the nearly two-
hour gap in spawning times, M. franksi sperm disperse off
the reef (Figs. 5, 6), become diluted (Figs. 7, 8, 10), and lose
viability (Fig. 13). This severely limits the chances of M.
franksi sperm outcompeting the freshly released M. annularis
sperm for M. annularis eggs. Estimates of fertilization po-
tential indicate that sperm have peak fertilization perfor-
mance for about an hour before dilution and aging effects
reduce the likelihood of fertilization (Fig. 7). On reefs with
both M. franksi and M. annularis spawning on the same even-
ing, the M. franksi fertilization potential was reduced to near

A
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Log Sperm/pl
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TABLE 2. The percent of heterospecific crosses involving Mon-
tastraea faveolata that exceeded 15% of eggs fertilized in young
(<75 min) and old (>75 min) eggs. Numbers of crosses in each
group are given in parentheses.

Cross
M. faveolata X M. faveolata X
Egg age M. franksi M. annularis
Young 6.4% (47) 2.6% (77)
old 19.6% (46) 9.4% (32)

zero by the time the M. annularis eggs reached the surface
(Fig. 8). These field estimates of the likelihood of M. franksi
sperm fertilizing M. annularis are probably inflated because
these measures were conducted in the middle of the M. franksi
gamete slick, and this slick disperses off the reef by the time
M. annularis spawns. So, although M. franksi and M. annu-
laris adults may occur in close proximity, several hundred
meters (Figs. 5, 6) can separate their gametes.

Montastraea franksi eggs, on the other hand, do not lose
viability in two hours and could easily be fertilized by M.
annularis sperm in both Panama and the Bahamas. This as-
sumes that, following the M. franksi spawning event, M.
franksi eggs remain unfertilized and that those unfertilized
eggs remain in close proximity to M. annularis colonies. The
natural estimates of fertilization from plankton samples in-
dicate that indeed many eggs remain unfertilized following
a spawning event (Fig. 9). However, the gamete dispersal
data indicate that M. franksi eggs are likely to travel several
hundred meters during the interval between M. franksi and
M. annularis spawning (Figs. 5, 6). What this study cannot
rule out is the possibility that the unfertilized eggs of M.
franksi could drift over another reef occupied by M. annularis
when that species spawns, resulting in hybrid fertilization.
Of all the possible combinations of hybrid fertilization among
these three species, thisisthe most likely possibility; it would
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Fic. 13. Fertilization success as a function of log sperm concentration for corals spawning at their natural times. Tests comparing (A)
fresh Montastraea franksi sperm and fresh M. franksi eggs (solid symbol and line) with old M. franksi sperm and fresh M. annularis eggs
(open symbol and dotted line); (B) fresh M. annularis sperm and fresh M. annularis eggs (solid symbol and line) with fresh M. annularis
sperm and old M. franksi eggs (open symbol and dotted line). Lines indicate the 95% confidence intervals on the mean.
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TaBLE 3. Published Montastraea spawning times throughout the Caribbean. Data are published as a starting and stopping time in the

field (van Veghel 1994; Knowlton et al. 1997; Szmant et al. 1997;

Sanchez et al. 1999) or from laboratory observations (Knowlton et

al. 1997). The data from Colombia include setting and spawning times. Data from the Gulf of Mexico are approximate because exact
dates are not provided. All times of spawning are adjusted as time (in hours) past sunset, using the astronomical calculations from the

U.S. Navy for each date and location.

Site Date M. franksi M. faveolata M. annularis
Gulf of Mexico 1991-1998 1:16-2:36 3:11-4:56 4:06—4:31
Hagman et al. 1998b
Florida 8-9 Sept. 1993 2:57-3:57 2:57-3:57
Szmant et al. 1997 27 Aug. 1994 0:44-1:19 2:14-3:14 2:14-3:14
28 Aug. 1994 2:45-3:30 3:45-4:30 3:45-4:30
16-18 Aug. 1995 1:35-2:05 3:05-3:50 3:35-4:20
14 Sept. 1995 3:53-4:08
15 Sept. 1995 3:33-4:03
Bahamas 30 Aug. 1991 2:57-? 2:57-?
Szmant et al. 1997 1 Sept. 1991 2:57-3:57 2:57-3:57
Colombia 24 Aug. 1997 3:24-4:09
Sanchez et al. 1999 22 Sept. 1997 3:01-3:51 3:01-3:51
23 Sept. 1997 3:17-4:02 3:17-4:02
21 Oct. 1997 3:17-3:57 3:17-3:57
11 Oct. 1998 2:58-3:32 2:52-3:57
Panama 26—30 Aug. 1994 1:48-2:33 3:03-4:03 3:03-4:03
Knowlton et al. 1997 16-18 Aug. 1995 1:27-2:47 3:47-4:47
14-16 Sept. 1995 1:44-3:44 3:04-5:04 4:04-5:44
Honduras 16 Aug. 1995 0:06 1:36-1:51 3:21-4:01
Knowlton et al. 1997
Curacao 29 Sept.—1 Oct. 1991 2:33-4:33 2:33-4:33 2:33-4:33
Van Veghel 1994
Literature average 1:52-3:00 3:05-4:02 3:17-4:15
Current study 1:25-2:35 3:43-4:40 3:04-4:22

depend on the distribution of reefs and the local flow regimes
and could be expected to vary regionally (see Regional Dif-
ferences in Reproductive Isolation and Introgression).

Comparisons with Other Sudies

In our studiesin Panama and the Bahamas, we individually
timed and marked more than 380 spawning corals during 28
spawning events and never observed M. franksi spawning
simultaneously with the other two species. This highly con-
sistent pattern islargely supported by other studies from Pan-
ama, Honduras, southern Florida, the Flower Garden Banks
in the Gulf of Mexico, and Colombia (Table 3). Indeed, the
overall averages of spawning times for the three speciesfrom
these published studies, once adjusted by time of sunset, are
nearly identical to our findings (Table 3).

Two apparent exceptions to this pattern merit comment.
The first, from Curacao, represents the first published study
on spawning times for these species (van Veghel 1994); al-
though it does not present data on the three morphotypes
individually, it notes that all three spawned at the same time,
approximately two to four hours after sunset. This contradicts
our (albeit limited) observations from the same reefs, where
we observed no M. annularis or M. faveolata spawning during
the period when we predicted M. franksi should and did
spawn. The second observation comes from Andros Island
in the Bahamas in 1991, where Szmant et al. (1997) noted a
single event with M. franksi and M. annularis spawning to-
gether three hours past sunset in 1991. However, all later
spawning events noted by the authors indicate a one- to two-
hour gap in spawning times between those two species, and
the authors concluded that M. franksi is temporally isolated

from M. annularis (Szmant et al. 1997). The study in Curagao
involved large teams of amateur divers (M. L. J. van Veghel,
pers. comm.), and in the Bahamas the morphotypes can be
more difficult to distinguish (N. Knowlton, pers. obs.; see
below), suggesting that identification errors may have oc-
curred. It is also possible that in both these initial observa-
tions divers simply noted all three species spawning within
a two- to four-hour bracket and did not resolve any finer
differences. In any case, it remains that for the vast majority
of observations across the range of these three species, the
pattern of temporal differences between M. franksi and the
others is extremely robust.

Other studies also largely support our findings on patterns
of heterospecific fertilization. The results are completely con-
sistent with an earlier study from Panama that used the num-
ber of larvae produced from crosses rather than a percent of
eggs fertilized (Knowlton et al. 1997). In the Flower Gardens
(Hagman et al. 1998b), heterospecific fertilization was lower
than conspecific fertilization using gametes collected in the
field. Crosses between M. annularis and M. faveolata, the two
species that spawn simultaneously, had an average fertiliza-
tion success of less than 6%. The authors noted a reduction
in heterospecific fertilization between M. annularis and M.
franksi. This result might be caused in part by sperm age
effects, but is also consistent with our findings from the Ba-
hamas that revealed a significant asymmetry in compatibility
of this cross in the northeastern region. In southern Florida
(Szmant et al. 1997), fertilization assays were conducted with
the response being the number of swimming larvae produced.
The overall patterns are similar to the present study; crosses
between M. franksi and M. annularis produced more larvae
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than crosses between M. faveolata and either M. franksi or
M. annularis. In contrast to the present study, they noted that
75% of latter crosses produced at |east somelarvae. However,
they also reported that more than 50% of self crosses pro-
duced at least some larvae. In part, the variance they noted
in heterospecific crosses involving M. faveolata could be
caused by egg age effects, but the result of larvae being
produced from self crosses, aresult we rarely found, suggests
the possibility of sperm contamination. Although site dif-
ferences in compatibility cannot be dismissed in this case,
two nearby sites—the Bahamas and northern Gulf of Mex-
ico—consistently demonstrated near zero fertilization be-
tween M. faveolata and M. annularis.

Regional Differences in Reproductive Isolation
and Introgression

The corals investigated in the laboratory assays of fertil-
ization were also investigated for evidence of genetic and
morphological divergence in both Panama and the Bahamas.
These data are presented el sewhere (Fukami et al. 2004), but,
in summary, thereis good evidence for divergence of all three
species in Panama and some degree of morphological and
molecular convergence in the Bahamas. The variance in the
degree of divergence might be caused by historic or recent
regional differences in the degree of reproductive isolation.
The present data suggest that spawning times and gametic
compatibility are species specific and similar (excepting the
asymmetry in one cross; see below) acrossregions. However,
what may differ is how these traits interact with regional
differences in reef topography and water currents. The wide
expanse of the Bahamas, with hundreds of small islands and
thousands of patch reefs, may be more likely to have gametes
drift from one reef to another during spawning events, in-
creasing the likelihood of hybrid fertilization between M.
franksi eggs and M. annularis sperm. On many Caribbean
islands and off the coasts of Central and South America,
where reefs are on the edge of deeper water, once eggs leave
a particular reef they may have little chance of encountering
additional conspecific or heterospecific sperm. As additional
data from other locations in the Caribbean become available,
it will be interesting to note if patterns of genetic or mor-
phological convergence or divergence can be correlated with
how these conserved reproductive traits perform on different
reefs.

Relationship between Depth and Time of Spawning

Species living in deeper water experience reduced light
levels earlier than shallower species and this may provide an
earlier cue for spawning. This phenomenon isreflected in the
laboratory corals placed in the dark two hours prior to sunset,
spawning earlier than unshaded corals (Knowlton et al. 1997).
However, different coral species do not respond to a single
light threshold, as M. franksi and M. annularis living at the
same depths spawn at different times, but within a short in-
terval of their respective conspecifics (Fig. 4a).

Within M. franksi, however, increased depth is correlated
with earlier spawning times. The variance in spawning times
explained by depth is small, but this is not too surprising
given temporal and spatial differences in water clarity that
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might influence light levels more than the limited seven me-
ters depth gradient sampled. Regardless of the unexplained
variance, mean spawning times are predicted to change ap-
proximately 18 min for each 10 m in depth. This difference
in spawning times is compensated by the time it takes those
gametes to reach the surface (Fig. 4b), at least over the range
of depths studied. This suggests that the depth-related intra-
specific differences in spawning times act to increase rather
than decrease reproductive synchrony.

Selection for enhanced fertilization would favor corals
spawning at atime such that they would mix with conspecific
gametes at the surface, regardless of depth. There are at least
two possible scenarios that would result in the compensation
between spawning and surfacing times. The first is that there
is a fixed light threshold for spawning and, coincidentally,
the functional relationships between light attenuation and
gamete buoyancy with depth are reciprocal. The second is
that thisis an evolved trait involving selection on buoyancy
(e.g., by the size or number of buoyant eggs in a bundle),
the way the corals respond to light attenuation in their spawn-
ing behavior, or both.

The Evolution of Reproductive Isolation

The evolution of reproductive isolation between lineages
sets them on largely separate evolutionary pathways and has
been one of the most studied phenomena in evolutionary
biology (Howard and Berlocher 1998). Prezygotic reproduc-
tiveisolation can occur in free-spawning marineinvertebrates
via the mechanisms seen in many other organisms (e.g., spa-
tial and temporal differences in reproductive activity). They
lack courtship in the conventional sense, as well as mecha-
nisms associated with internal fertilization (sperm precedence
and cryptic female choice), but barriers between eggs and
sperm can play comparable important roles in isolating taxa
(Palumbi 1994). Interestingly, the three taxa in the M. an-
nularis complex exhibit prezygotic reproductiveisolation via
most of the mechanisms that are potentially available.

It is not clear whether gametic or temporal isolating mech-
anisms would evolve more rapidly. Reproductive failure
caused by sperm limitation (Levitan 1998) could result in
stabilizing selection on both gamete recognition proteins as
well as spawning synchrony. However, reproductive failure
caused by too many sperm (Styan 1998) could result in sexual
conflict, chase-away selection on reproductivetraits (Holland
and Rice 1998), and the evolution of reproductive isolation
(Parker and Partridge 1998; Gavrilets 2002; Martin and Hos-
kin 2003). While sexual conflict has been implicated as the
mechanism driving the positive selection on gamete recog-
nition proteins in many broadcast-spawning invertebrates
(Palumbi 1999; Swanson and Vacquier 2002), there is no
apriori reason why sexual conflict would not also result in
diversifying selection on spawning times.

Two of our results suggest that stabilizing rather than di-
versifying selection may be more important to this coral sys-
tem. The first is that corals spawning a little too early or too
late compared to their conspecifics have reduced fertilization
success compared to corals that spawn at intermediate times
(Fig. 10). This suggests that stabilizing selection within pop-
ulations for enhanced reproductive success at peak spawning
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times may outweigh sexual conflict caused by too many
sperm. Second, the general consistency in patterns of repro-
ductive isolation across the Caribbean suggests little diver-
sifying selection or even genetic drift among populations
(although there are hints of intraspecific variationinthelevels
of compatibility [asymmetry of M. franksi and M. annularis
only in the Bahamas] and mean spawning times [earlier in
the Honduras; Table 3]).

Phylogenetic inferences drawn from both genetic and mor-
phological data suggest that M. annularis and M. franksi are
more closely related to each other than either is to M. fav-
eolata (Fukami et al. 2004). Among these taxa, gametic in-
compatibility appears to be strongly established in crosses
involving the more distantly related M. faveolata, indepen-
dent of whether the crossed species spawns at similar times
(M. annularis) or different times (M. franksi). Corals as a
group, however, show no clear patterns with respect to degree
of divergence and mechanism of reproductive isolation. Al-
though timing differences separate the most closely related
taxa in the M. annularis complex, the opposite is true for
some Pacific species of Acropora: the most divergent taxa
are separated by timing differences, whereasthe more closely
related taxa are separated by gametic incompatibilities (Fu-
kami et al. 2003).

We did not examine the possibility of postzygotic barriers
to introgression. It is possible that hybrids might have re-
duced larval or adult survival, be sterile, or produce offspring
that spawn at suboptimal times. Because corals have long
generation times and are difficult to rear, essentially all re-
search has focused on prezygotic barriers. In other groups,
closely related species with overlapping distributions often
lack absolute reproductive barriers even when genetic anal-
yses suggest little or no gene flow (e.g., Levitan 2002b), so
in this respect these corals are not unique.

Conclusions

How can three sympatric species with external fertilization
maintain their integrity when all three spawn on the same
evening, often in close proximity? Montastraea annularis, M.
faveolata, and M. franksi demonstrate a combination of ga-
metic, temporal, and spatial prezygotic isolating mechanisms
that greatly reduce the likelihood of hybridization. None of
the isolating mechanisms described provides perfect blocks
to hybrid fertilization, but the barriers appear to be substan-
tial, especially considering that fertilization trials were no-
choice protocols, which typically overestimate the likelihood
of hybridization (Howard 1999).

We cannot, of course, rule out the possibility that hybrid-
ization can occur at biologically significant levels. At some
places and times, the relative abundance and spatial distri-
bution of species, depth profiles, water clarity, spatial con-
figuration of adjacent reefs, and weather conditions may make
cross-fertilization more likely than is suggested by our data.
Thus, the rate of speciation or ongoing reticulation may be
heterogeneous either locally or regionally. However, in spite
of these possibilities, barriers associated with gametic com-
patibilities and the timing of spawning appear to be surpris-
ingly uniform across a wide geographic area.

321

ACKNOWLEDGMENTS

We thank D. Carlon, J. Grayson, J. Mate, P. Munguia, W.
Prather, F. Rodriguez, R. Rowan, B. Shoplock, K. Silvestre,
and M. Van Veghel for assistance with the laboratory and
field observations of coral spawning. D. Ferrell, P. Munguia,
S. Palumbi, and M. Tillack made helpful comments on this
manuscript. Funding was supplied by the National Science
Foundation and the National Oceanic and Atmospheric Ad-
ministration grants to DRL and NK and a Smithsonian award
to NK.

LiTERATURE CITED

Babcock, R. C., G. D. Bull, P. L. Harrison, A. J. Heyward, J. K.
Oliver, C. C. Wallace, and B. L. Willis. 1986. Synchronous
spawning of 105 scleractinian coral species on the Great Barrier
Reef. Mar. Biol. 90:379-394.

Babcock, R., C. Mundy, J. Keesing, and J. Oliver. 1992. Predictable
and unpredictable spawning events: in situ behavioural datafrom
free-spawning coral reef invertebrates. Invertebr. Reprod. Dev.
22:213-228.

Byrne, M., and M. J. Anderson. 1994. Hybridization of sympatric
Patiriella species (Echinodermata, Asteroidea) in New South
Wales. Evolution 48:564-576.

Clifton, K. E. 1997. Mass spawning by green algae on coral reefs.
Science 275:1116-1118.

Fukami, H., M. Omori, K. Shimoike, T. Hayashibara, and M. Hatta.
2003. Ecological and genetic aspects of reproductive isolation
by different spawning times in Acropora corals. Mar. Biol. 142:
679-684.

Fukami, H., A. F. Budd, D. R. Levitan, J. Jara, R. Kersanach, and
N. Knowlton. 2004. Geographical differences in species bound-
aries among members of the Montastraea annularis complex
based on molecular and morphological markers. Evolution 58:
324-337.

Gavrilets, S. 2002. Rapid evolution of reproductive barriers driven
by sexual conflict. Nature 403:886—889.

Hagman, D. K., S. R. Gittings, and P. D. Vize. 1998a. Fertilization
in broadcast-spawning corals of the Flower Gardens Banks Na-
tional Marine Sanctuary. Gulf Mex. Sci. 16:180-187.

Hagman, D. K., S. R. Gittings, and K. J. P. Deslarzes. 1998b. Tim-
ing, species participation, and environmental factors influencing
annual mass spawning at the Flower Gardens Banks (North-
western Gulf of Mexico). Gulf Mex. Sci. 16:170-179.

Harrison, P. L., R. C. Babcock, G. D. Gull, J. K. Oliver, C. C.
Wallace, and B. L. Willis. 1984. Mass spawning in tropical reef
corals. Science 223:1186-1188.

Hatta, M., H. Fukami, W. Q. Wang, M. Omori, K. Shimoike, T.
Hayashibara, Y. Ina, and T. Sugiyama. 1999. Reproductive and
genetic evidence for a reticulate evolutionary history of mass-
spawning corals. Mol. Biol. Evol. 16:1607-1613.

Holland, B., and W. R. Rice. 1998. Perspective: Chase-away sexual
sel ection: antagonistic seduction versus resistance. Evolution 52:
1-7.

Howard, D. J. 1999. Conspecific sperm and pollen precedence and
speciation. Annu. Rev. Ecol. Syst. 30:109-132.

Howard, D. J., and S. H. Berlocher, eds. 1998. Endless forms:
species and speciation. Oxford Univ. Press, New Y ork.

Kenyon, J. C. 1997. Models of reticulate evolution in the coral
genus Acropora based on chromosome numbers: parallels with
plants. Evolution 51:756—767.

Knowlton, N. 1993. Sibling species in the sea. Annu. Rev. Ecol.
Syst. 24:189-216.

Knowlton, N., E. Weil, L. A. Weigt, and H. Guzman. 1992. Sibling
species in Montastraea annularis, coral bleaching, and the coral
climate record. Science 255:330-332.

Knowlton, N., J. L. Mate, H. M. Guzman, R. Rowan, and J. Jara.
1997. Direct evidence for reproductive isolation among the three
species of the Montastraea annularis complex in Central Amer-
ica (Panama and Honduras). Mar. Biol. 127:705-711.



322

Lessios, H. A. 1984. Possible prezygotic reproductive isolation in
sea urchins separated by the Isthmus of Panama. Evolution 38:
1144-1148.

. 1991. Presence and absence of monthly reproductive
rhythms among eight Caribbean echinoids off the coast of Pan-
ama. J. Exp. Mar. Biol. Ecol. 153:27-47.

Levitan, D. R. 1995. The ecology of fertilization in free-spawning
invertebrates. Pp. 123-156 in L. McEdward, ed. Ecology of ma-
rine invertebrate larvae. CRC Press, Boca Raton, FL.

———. 1998. Sperm limitation, sperm competition and sexual se-
lection in external fertilizers. Pp. 173-215 in T. Birkhead and
A. Mgller, eds. Sperm competition and sexual selection. Aca-
demic Press, San Diego, CA.

———. 2002a. Density-dependent selection on gamete traits: Are
traits associated with fertilization related to sperm availability
in three congeneric sea urchins? Ecology 83:464—479.

———.2002h. The relationship between conspecific success fer-
tilization and reproductive isolation among three congeneric sea
urchins. Evolution 56:1599-1609.

Levitan, D. R., M. A. Sewell, and F.-S. Chia. 1991. Kinetics of
fertilization in the sea urchin Strongylocentrotus franciscanus:
interaction of gamete dilution, age, and contact time. Biol. Bull.
181:371-378.

Lopez, J. V., R. Kersanach, S. A. Rehner, and N. Knowlton. 1999.
Molecular determination of species boundariesin corals: genetic
analysis of the Montastraea annularis complex using amplified
fragment length polymorphisms and a microsatellite marker.
Biol. Bull. 196:80-93.

Martin, O. Y., and D. J. Hosken. 2003. The evolution of repro-
ductive isolation through sexual conflict. Nature 423:979-982.

Marquez, L. M., M. J. H. van Oppen, B. L. Willis, and D. J. Miller.
2002a. Sympatric populations of the highly cross-fertile coral
species Acropora hyacinthus and Acropora cytherea are genet-
ically distinct. Proc. R. Soc. Lond. B 269:1289-1294.

Marquez, L. M., M. J. H. van Oppen, B. L. Willis, A. Reyes, and
D. J. Miller. 2002b. The highly cross-fertile coral species, Ac-
ropora hyacinthus and Acropora cytherea, constitute statistically
distinguishable lineages. Mol. Ecol. 11:1339-1349.

Mayr, E. 1963. Animal species and evolution. Belknap Press, Har-
vard Univ. Press, Cambridge, MA.

McEuen, F. S. 1988. Spawning behaviors of northeast Pacific sea
cucumbers (Holothuroidea, Echinodermata). Mar. Biol. 98:
565-585.

Medina, M., E. Weil, and A. M. Szmant. 1999. Examination of the
Montastraea annularis species complex (Cnidaria: Scleractinia)
using ITS and COI sequences. Mar. Biotechnol. 1:89-97.

Miller, K. J., and R. Babcock. 1997. Conflicting morphological and
reproductive species boundaries in the coral genus Platygyra.
Biol. Bull. 192:98-110.

Miller, K. J., and J. A. H. Benzie. 1997. No clear genetic distinction
between morphological specieswithin the coral genus Platygyra.
Bull. Mar. Sci. 61:907-917.

Odorico, D. M., and D. J. Miller. 1997. Variation in the ribosomal
internal transcribed spacers and 5.8S rDNA among five species
of Acropora (Cnidaria; Scleractinia): patterns of variation con-
sistent with reticulate evolution. Mol. Biol. Evol. 14:465-473.

Palumbi, S. R. 1994. Genetic divergence, reproductive isolation,
and marine speciation. Annu. Rev. Ecol. Syst. 25:547-572.

———.1999. All males are not created equal: fertility differences
depend on gamete recognition polymorphisms in sea urchins.
Proc. Natl. Acad. Sci. 96:12632-12637.

Parker, G. A., and L. Partridge. 1998. Sexual conflict and speciation.
Philos. Trans. R. Soc. Lond. B 353:261-274.

Pearse, J. S., D. J. McClary, M. A. Sewell, W. C. Austin, A. Perez-
Ruzafa, and M. Byrne. 1988. Simultaneous spawning of 6 spe-
cies of echinoderms in Barkley Sound, British Columbia. Int. J.
Invertebr. Reprod. Dev. 14:279-288.

Pernet, B. 1999. Gamete interactions and genetic differentiation
among three sympatric polychaetes. Evolution 53:435-446.
Rahman, M. A., T. Uehara, and J. S. Pearse. 2001. Hybrids of two
closely related tropical sea urchins (genus Echinometra): evi-
dence against postzygotic isolating mechanisms. Biol. Bull. 200:

97-106.

DON R. LEVITAN ET AL.

Sanchez, J. A., E. M. Alvarado, M. F. Gil, H. Charry, O. L. Arenas,
L. H. Chasqui, and R. P. Garcia. 1999. Synchronous mass spawn-
ing of Montastraea annularis (Ellis & Solander) and Montastraea
faveolata (Ellis & Solander) (Faviidae: Scleractinia) at Rosario
islands, Caribbean coast of Columbia. Bull. Mar. Sci. 65:
873-879.

SAS Institute. 1996. SAS/STAT user’s guide. Rel. 6.03. SAS In-
stitute, Cary, NC.

Strathmann, M. F. 1987. Reproduction and development of marine
invertebrates of the northern Pacific coast. Univ. of Washington
Press, Seattle.

Styan, C. A. 1998. Polyspermy, egg size, and the fertilization ki-
netics of free-spawning marine invertebrates. Am. Nat. 152:
290-297.

Swanson, W. J., and V. D. Vacquier. 2002. Reproductive protein
evolution. Annu. Rev. Ecol. Syst. 33:161-179.

Szmant, A. M., E. Weil, M. W. Miller, and D. E. Colon. 1997.
Hybridization within the species complex of the scleractinian
coral Montastraea annularis. Mar. Biol. 129:561-572.

van Oppen, M. J. H., B. L. Willis, J. A. van Vugt, and D. J. Miller.
2000. Examination of species boundaries in the Acropora cer-
vicornis group (Scleractinia, Cnidaria) using nuclear DNA se-
guence analyses. Mol. Ecol. 9:1363-1373.

van Oppen, M. J. H., B. J. McDonald, B. Willis, and D. J. Miller.
2001. The evolutionary history of the coral genus Acropora
(Scleractinia, Cnidaria) based on a mitochondrial and a nuclear
marker: reticulation, incomplete lineage sorting, or morpholog-
ical convergence. Mol. Biol. Evol. 18:1315-1329.

van Oppen, M. J. H., B. Willis, T. van Rheede, and D. J. Miller.
2002. Spawning times, reproductive compatibilities and genetic
structuring in the Acropora aspera group: evidence for natural
hybridization and semi-permeable species boundaries in corals.
Mol. Ecol. 11:1363-1376.

van Veghel, M. L. J. 1993. Multiple species spawning on Curacao.
Bull. Mar. Sci. 52:1017-1021.

———. 1994. Reproductive characteristics of the polymorphic Ca-
ribbean reef coral Montastraea annularis. |. Gametogenesis and
spawning behavior. Mar. Ecol. Prog. Ser. 109:209-219.

van Veghel, M. L. J., and R. P. M. Bak. 1993. Intraspecific variation
of a dominant Caribbean reef building coral, Montastraea an-
nularis: genetic, behavioral and morphometric aspects. Mar.
Ecol. Prog. Ser. 92:255-265.

Veron, J. E. N. 1995. Corals in space and time: biogeography and
evolution of the Scleractinia. Cornell Univ. Press, Ithaca, NY.

Vogel, H., G. Czihak, P. Chang, and W. Wolf. 1982. Fertilization
kinetics of sea-urchin eggs. Math. Biosci. 58:189-216.

Vollmer, S. V., and S. R. Palumbi. 2002. Hybridization and the
evolution of reef coral diversity. Science 296:2023-2025.

Weil, E., and N. Knowlton. 1994. A multi-character analysis of the
Caribbean coral Montastraea annularis (Ellisand Solander 1786)
and its two sibling species, M. faveolata (Ellis and Solander
1786) and M. franksi (Gregory 1895). Bull. Mar. Sci. 55:
151-175.

Willis, B. L., R. C. Babcock, P. L. Harrison, and C. C. Wallace.
1997. Hybridization and breeding incompatibilities within the
mating systems of mass spawning reef corals. Coral Reefs
16(Suppl .):S53-S65.

Corresponding Editor: F. Bonhomme

ApPPENDIX 1
The Ability of Chemical Lights to Track Coral Eggs

The ability of the buoyant chemical light sticks (length = 15 cm)
to mimic egg dispersal was tested during five daytime trials con-
ducted in the San Blas Islands using small floating particles that
could be seen from a boat. Chemical lights were released with one
cup of perlite (small buoyant pebbles used for potting plants) as
egg mimics. The GPS position of the lights and the perlite was
monitored for one to two hours in each trial.

The distance from the lightsto the center of the perlite egg mimics
increased slightly as a linear function of the distance traveled by
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the perlite (y = 0.079x — 3.463, R2 = 0.32, P < 0.0001). Using
the regression equation from this relationship, the chemical lights
were predicted to be 8 m from the center of the perlite slick at the
average distance of 147 m (SE = 19 m) moved by the chemical
lights during the coral spawning (see below). Thisdifferenceiswell
within the error of the GPS and suggests that the chemical lights
provide a reasonable measure of movement of small particles float-
ing on the water’s surface at these spatial and temporal scales.

The test of these chemical lights in daytime trials indicated that
they remained within the 10-m radius used for the plankton tows
of during the coral spawn. During the evenings of the coral spawn-
ing, coral eggs were collected in 82% of 161 plankton tows, sup-
porting the hypothesis that these chemical lights generally stay close
to the dispersing eggs. It is of course possible that eggs from two
or more corals might intermingle on the surface. However, because
this is most likely among corals that spawn simultaneously and in
close proximity, there should be an inverse relationship between
the likelihood of intermingling and the variance it would cause to
our estimates of the time a place of spawning associated with a
chemical light. Variance caused by large differences in the pre-
sumed and actual coral eggs sampled would tend to obscure patterns
and make our tests conservative.

APPENDIX 2
Details of Gamete Age and Dilution Experiments

One milliliter of the stock sperm suspension was mixed into a
scintillation vial containing 9 ml of filtered seawater. One milliliter
of this dilute sperm was placed into the next vial and repeated, to
establish six, 10-fold serially diluted sperm vials. In the first ex-
periment (sperm age), 1 ml from each serial sperm vial was added
to two vials containing 8 ml of filtered seawater. Eggs were then
added to one set of vials approximately 30 min after spawning (fresh
M. franksi sperm and eggs). Approximately two hours later, eggs
from a newly spawned coral were added to the second set of vials
(old M. franksi sperm and fresh M. annularis eggs).
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In the second experiment (egg age), eggs from early and late
spawning species were added to the two sets of vials approximately
30 min after each colony spawned, and then serially diluted sperm
from a late spawning coral (M. annularis) was added to the exper-
imental vials (fresh M. annularis sperm with fresh M. annularis and
old M. franksi eggs).

Experimental vials were swirled for three rotations and then left
at ambient temperature for three hours. Approximately 100 eggs
from each experimental vial were then inspected for evidence of
early development (two or more cells).

Results of these experiments were fitted to a fertilization kinetics
model that includes the effects of polyspermy (Styan 1998). This
was done to generate 95% confidenceintervalsto test for differences
in thefertilization profiles between treatments. Styan’s (1998) mod-
el predicts the proportion of monospermic zygotes (¢mono) 8S @
function of theinitial sperm concentration (S, sperm/ul), theinitial
concentration of virgin eggs (Eqy, eggs/pl), the time of sperm-egg
exposure (t, sec), the time required for blocks to polyspermy to
become effective (ty,, sec), and rate constants describing collisions
(Bo, mm?3/sec) and fertilization (B, mm?3/sec) as follows:

Omono =1 —€*— (1 —e*x—xel - ebh), (A1)

with
X = BSy/BoEo(1 — e Pod) (A2)

and
b = BSy/BoEo(l — e FoFoh). (A3)

The empirical data were fitted to this model using the Marquart
method of nonlinear regression and 95% confidence intervals were
calculated for each treatment (SAS Institute 1996). Rather than
simultaneously solve the three unknowns (B, Bo, and ty), the col-
lision constant was estimated using known values for the cross-
sectional area of the egg (0.07 mm? from empirical measures) and
the sperm velocity (0.2 mm/sec, typical marine invertebrate sperm
velocity; Levitan 1995; Vogel et al. 1982). The model fits to these
data were not dependent on the estimated value of this collision
constant.



